I. INTRODUCTION
Together with purine, pyrimidine can be considered as a building block of the DNA and RNA bases since cytosine, thymine, and uracil nucleobases are pyrimidine derivatives. Halogen substitutes of pyrimidine, in particular, have long been known and employed in biomedical research as efficient Auger electron emitting molecules. 1 The incorporation of heavy-atom compounds, such as halogenated pyrimidines, into DNA to replace thymidine is known to sensitize the cell to ionizing radiation in the radiotherapy of tumors. Indeed, one of the mechanisms invoked to explain such a radiosensitizing effect is the Auger cascade produced by the decay of the inner shell vacancies of the heavy halogen atom.
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In vitro and in vivo experiments, as well as Monte Carlo simulations, suggest that this extensive Auger electron emission deposits energy in an extremely small volume, typically of the order of a few nanometers around the decaying site, producing a strong cytotoxic effect via single and double strand DNA breaking. 5 Unfortunately, the direct use of halogenated pyrimidines in cancer radiotherapy is facing formidable practical problems, but much experimental work is still in progress. 6 In contrast to this, Auger spectroscopic data are scarce in general for biomolecules and, in particular, they are totally missing for pyrimidine and its halogen substitutes. To begin overcoming this deficiency, we performed for this work a detailed experimental and theoretical study of the Auger decay of the carbon and nitrogen 1s shells of pyrimidine, 5-bromopyrimidine, and 2-chloropyrimidine ͑shown in Fig. 1͒ For the halogenated pyrimidines, also the Br 3d and Cl 2p Auger spectra have been measured and calculated. Auger spectra of large polyatomic molecules are very complex, characterized by bandlike structures that, despite their broad and apparently simple features, are the result of thousands of overlapping electronic transitions with rates of decay that involve their coupling with the outgoing Auger electron, and each having a complicated shape due to the complex nuclear dynamics during decay. To approach, even if with some unavoidable simplifications, the theoretical simulation of these spectra, we use a Green's function-based method, which has proved to be sufficiently efficient and accurate for polyatomic molecules such as those studied in the present work.
II. EXPERIMENTAL DETAILS
All the Auger spectra reported in this work have been measured for isolated molecular targets in the gas phase in electron impact experiments at 1 keV incident energy. The apparatus has been recently described in detail elsewhere, 7 and here, only information and settings relevant to the present measurements will be reported. The vacuum chamber contains an electron gun, two twin 180°hemispherical electrostatic analyzers of mean radius of 60 mm, independently rotatable, and a source for the gaseous target. To admit the gaseous target at the interaction region, two independent systems can be used separately or simultaneously ͑for calibration purposes for example, see later in the text͒. A conventional gas line ending in a 1 mm hypodermic needle pointing at the interaction region allows the introduction of gases from outside the experimental chamber via a needle valve and an ϳ1 m long copper tube inside the chamber. This system was used for pyrimidine, which, at room temperature, is a liquid with a large enough vapor pressure to produce a gas pressure of about 5 ϫ 10 −6 mbar in the vacuum chamber. In this case, liquid pyrimidine was hosted in a test tube outside the vacuum chamber. By contrast, 5-bromopyrimidine and 2-chloropyrimidine are powders at room temperature with an expected vapor pressure about two orders of magnitude smaller than pyrimidine. 8 So we placed the powders directly into the crucible of a resistively heated oven 7 hosted in the experimental chamber. The oven is composed by a stainless steel crucible with a 10 mm long and 1 mm wide output nozzle and a heater enclosed in a copper water cooled jacket. The oven has been recently used successfully to produce a Mg beam 7, 8 and, in that work, its design and mode of operation have been described in detail. For the present experiments, however, the oven has been used in a peculiar way, i.e., at room temperature. In other words, it has been used only to place the halogenated pyrimidine powders as close as possible to the interaction region in order to make best use of the little vapor pressure they produce at room temperature. This procedure has the disadvantage that it gives no control over the produced vapor pressure once the experiment is in vacuum. To overcome this problem, the width of the output nozzle of the crucible was reduced by means of circular apertures of variable diameter positioned at the entrance of the nozzle. A careful choice of the aperture produced a vapor pressure of about 8 ϫ 10 −6 mbar. On the other hand, this procedure has the great advantage of ensuring no thermal decomposition of the targets, as this is one of the most critical points in all studies of biomolecules in the gas phase. The target compounds we used are commercially available.
The Auger electrons were analyzed in energy by one of the two electron spectrometers placed at 90°with respect to the incident beam direction. A three-element zoom electrostatic lens transports and focuses the electrons from the target region onto the 2 mm entrance slit of the 60 mm hemispherical electrostatic analyzer. The electrons, after angle and energy selection, are then detected by a channeltron multiplier and counted via conventional counting electronics made of a pickup circuit, a fast preamplifier, a constant fraction discriminator, and a scaler. The typical incident current monitored by a Faraday cup was about 10 A. A personal computer via LABVIEW software scans the collection energy in the analyzer, sets the dwell time of the measurements, stores the data, and monitors the current of the beam during the measurements.
The collected energy of the electrons has been varied in the range of 30-55, 140-185, 210-280, and 320-390 eV for the Br, Cl, C, and N Auger spectra of the different biomolecules, respectively. The pass energy in the analyzers was set so that an energy resolution of about 600 meV was obtained. Transmission and resolution of the analyzer were optimized and checked by measuring the NOO and LMM Auger spectra in Xe and Ar, respectively, and the KVV Auger spectra of C 1s in CO and N 1s in N 2 . The energy scale was calibrated by mixing the molecular target under study with the well known Ar and Xe rare gases as calibrants ͑the CO and N 2 molecules were avoided because they would produce a too strong superposition with spectra from the biomolecules͒.
III. THEORETICAL DETAILS
We have carried out the theoretical calculation of the double ionization spectra of pyrimidine, 2-chloropyrimidine, and 5-bromopyrimidine using the Green's function-based second-order algebraic diagrammatic construction ͓ADC͑2͔͒ method. 9, 10 Fully converged ADC eigensolutions were computed in the energy intervals discussed in this paper. The preliminary Hartree-Fock calculations were carried out in the cc-pVTZ basis set 11 using the GAMESS-U.K. program package. 12 For pyrimidine, the experimentally determined geometry was used, 13 while for the halogen-substituted molecules, we have optimized the carbon-halogen distance with the same basis set using the coupled cluster with single and double excitations method within the program package MOLPRO. 14 The ADC͑2͒ data have been analyzed by means of a two-hole population analysis of the eigenvectors. 15 We recall briefly here that the two-hole population analysis offers a decomposition of the total two-hole ͑2h͒ character of a dicationic state ͑i.e., the eigenvector component describing ionization out of pairs of Hartree-Fock molecular orbitals͒ in terms of atomic components. An atomic two-site component labeled X −1 Y −1 essentially quantifies the extent to which a given doubly ionized state may be characterized as having one electron vacancy localized on atom X and one on atom Y. A one-site component labeled X −2 measures similarly how much a state may be described as having both holes on the same atom X. As the Auger decay process is strongly localized at the atomic site where the primary deep core hole is created, we assume the X −2 component of a dicationic state to give a rough estimate of the ͑relative͒ Auger decay rate for an X-localized core hole. [15] [16] [17] Each theoretical Auger spectrum has thus been obtained by Gaussian convolution of the ADC discrete double ionization transitions weighted by their appropriate X −2 population component, where X is the atomic site of the primary decaying core-hole state. In the case of the most strongly localized core holes ͑here N 1s and C 1s͒ singlet doubly ionized states have typically a higher Auger rate than triplets ͑see, e.g., Refs. 18 and 19͒. Since our two-hole population analysis does not, of course, account for this, we have in previous work always resorted to the simple device of tripling the relative intensity of the singlets ͑see, e.g., Ref. 20͒, and this we do here too. The width of the Gaussian functions enveloping the discrete lines has been made to increase uniformly from the high kinetic energy ͑KE͒ end ͑double ionization threshold͒ to the low KE end. This serves to roughly account for the strongly increasing density of high-energy doubly ionized states, which the calculations can only partially reproduce and which cause both a substantial smearing of the intensity over many states and generally much larger line broadenings due to nuclear dynamics. Except as detailed in the next section, we have used the same full width at half maximum ͑FWHM͒ interval of 0.8-4.0 eV for all the spectra, as this appears on average to fit reasonably well the experimental profiles. The computed spectra were reported on the KE scale by aligning them with the corresponding experimental profiles. This has provided estimates for the ionization energies ͑IEs͒ of the Auger-decaying core-hole states. In this respect, the C 1s Auger spectra are a special case because, for all the pyrimidines studied here, they are the superposition of the Auger decay transitions from three inequivalent carbon core holes, each with its own intensity distribution. Optimizing their relative shift by comparison to the experiment would of course be a daunting task and there is therefore a necessity to have some independent estimates of the C 1s electron IEs. These, to our knowledge, are experimentally available only for pyrimidine. 21 For this reason and for comparison and further analysis, we have thus also computed the N 1s, C 1s, and Cl 2p IEs by the so-called ⌬SCF ͑SCF denotes self-consistent-field͒ method, that is by performing separate Hartree-Fock self-consistent-field calculations on the ground and core-hole states. These were performed using the GAMESS-U.K. package. 12 In the Cl 2p and Br 3d Auger spectra, the spin-orbit splitting of the decaying core-hole levels may be expected to play a non-negligible role. To simulate this, we have simply superimposed two spectra relatively shifted by the experimentally available spin-orbit splitting and with the appropriate ͑theoretical͒ intensity branching ratio dictated by the decaying states total degeneracy. Such procedure was previously also used for the S 2p Auger spectrum of OCS. 22 Further details on the simulated spectra will be discussed as appropriate in the next section.
IV. RESULTS AND DISCUSSION
A. Pyrimidine
N 1s Auger
The Auger spectra of pyrimidine, both experimental and theoretical, are displayed in Figs. 2 and 3. The theoretical N 1s spectrum ͑Fig. 2͒ has been placed on the KE scale so that its alignment fits best the experimental profile near threshold ͑high KE͒. This yields an estimated N 1s IE of 403.8 eV, which is 1.4 eV lower than the recently reported experimental value 21 ͑confirmed by our ⌬SCF estimate of 405.0 eV͒. An underestimation of the double IEs ͑DIE =IE͑core hole͒ −KE͒ by ADC͑2͒ of the order of 1 eV must be expected for molecules of the type studied here with the cc-pVTZ basis set. 23 Of course, we are here completely neglecting the effects of nuclear dynamics on the Auger spectra, which are known to alter ͑besides line broadenings͒ the relative energy of the vertical electronic bands both in a given spectrum and between different Auger spectra of the same molecule. [24] [25] [26] As Fig. 2 shows, the agreement between the experimental and theoretical spectra, once some evident intensity discrepancies are discounted, is excellent in most details, especially in the low DIE part of the spectrum. It is worth calling attention to the fact that the ϳ50 eV span of the theoretical spectrum reported comprises over 5000 doubly ionized states ͑the corresponding transitions are shown in the figure as vertical bars͒. The figure shows that already at low DIE, the visible peaks and shoulders contain many transitions. The presence of many close-lying states implies strong configuration mixing, and the orbital characterization of some of the states discussed below must be taken only as a rough qualitative description.
For later reference, the C 2v ground state valence orbital configuration of pyrimidine is 1a The a 2 and b 1 symmetries characterize the three out-of-plane -type orbitals, while a 1 and b 2 are the in-plane -type symmetries. According to the Mulliken population analysis, the outermost orbital, 2b 1 , is largely a carbon orbital ͑14% nitrogen character͒, while the next one, 1a 2 , has a 60% nitrogen population. The other two in-plane outermost orbitals, 5b 2 and 7a 1 , are dominantly nitrogen orbitals ͑by 73% and 62%, respectively͒. Overall, the outermost four orbitals may be considered to account for slightly more than four of the six nitrogen 2p orbitals. According to the standard numbering of the atoms ͑with two nitrogen in positions 1 and 3 of the ring, see Fig. 1͒ , the three inequivalent carbon types are It is natural to analyze the Auger spectrum in order of decreasing KE, i.e., in order of increasing DIE. The first thing we observe is that according to the calculations, the N 1s spectrum permits a clear identification of the ground state of the dication. This is the line dominating the first weak but sharp peak at 378.2 eV, corresponding to the 1 A 1 state ͑mostly 5b 2 −2 ͒ computed to lie at 25.4 eV DIE. It is remarkable that the lowest dicationic state involves only negligibly the ionization of the highest occupied molecular orbital. An inversion in the order of experimental appearance of the outermost pyrimidine orbitals was reported also in the photoelectron spectrum. 27 Note, however, that a 3 A 2 ͑mainly 2b 1 −1 5b 2 −1 ͒ state is computed to be practically degenerate ͑to within 0.04 eV͒ with the ground state and the corresponding singlet lies less than 0.1 eV above. A state of strong 2b 1 −2 character is found only at 2 eV above the threshold and gives a small contribution to the second evident feature of the Auger spectrum located at ϳ376 eV. This feature is in fact the result of at least four other main contributing dicationic states, involving variously the ionization of all of the outermost four orbitals, as can be seen in Table I. Continuing toward decreasing KE, as the Auger signal rises steeply, two sharp peaks are distinctly seen and very well reproduced by our calculations at 373.4 and 372.0 eV. In spite of their sharpness, they are crowded composite features, as Table I shows.
At lower KE, the density of states becomes too high to permit a meaningful concise orbital attribution of the spectral features. After the broad, clearly composite, most intense band in the spectrum centered at 369 eV, still five broad features can be discerned above 350 eV in the theoretical spectrum, but here the calculations begin clearly to exaggerate their prominence and separation due to basis set limitations and the lack of additional broadening effects: in practice, the KE of the Auger electrons approaches a continuum.
C 1s Auger
We turn now to the C 1s spectrum of pyrimidine ͑Fig. 3͒. As mentioned in the previous section, this spectrum is much more complicated than the N 1s one, as it results from the unresolved superposition of three Auger spectra relative to the three inequivalent carbon atom types. Table II reports the recently published experimental C 1s IEs of pyrimidine 21 and we have used these to construct the theoretical Auger profile. We have shifted the C 4 and C 5 computed spectra by 0.4 and 1.3 eV, respectively, to higher DIE with respect to C 2 , added the three spectra ͑each obtained exactly as described in Sec. III͒, and then placed the result on the KE scale so that it is aligned with the experimental profile. This yields a C 2 core hole energy, which is 1.2 eV smaller than the experimental value ͑see Table II͒ . Again, this level of DIE underestimation is expected and is fully consistent with the analogous finding for the N 1s spectrum. As Fig. 3 demonstrates, the resulting total spectrum agrees in every detail with the experiment, except for the exaggerated relative intensity of the band at about 255.6 eV. Because of the superposition of three spectra and the resulting tripled effective density of transitions, the carbon spectrum shows much less structure than the nitrogen one. Indeed, it is somewhat surprising to see a sharp peak at 262.6 eV, besides the mentioned band at 255.6 eV. Before we proceed to explain the nature of these peaks, we must note the fact that the profile of the total C 1s spectrum is more sensitive to the chemical shifts between the carbon core hole energies than might superficially be imagined. The ⌬SCF energy of C 5 we have computed matches exactly the experimental figure, but those of C 2 and C 4 are both 0.6 eV higher than their respective experimental values ͑see Table II͒ . Thus, using the ⌬SCF chemical shifts, the relative shift between the Auger spectra of C 2 and C 4 would remain the same we have used, but the C 5 spectrum would be ͑relatively͒ shifted by 0.6 eV to lower KE. The resulting total spectrum would have a generally unsatisfactory profile and, in particular, it would completely lack the observed sharp peak at 262.6 eV. At first glance and lacking the present accurate calculations, it may have been tempting and plausible to match the carbon peak at 262.6 eV with the similar first peak in the N 1s spectrum and assign it to the dication ground state. Figure 3 shows that this would be wrong, as the carbon peak lies in fact at least 2 eV above the double ionization threshold. To gain a better understanding of the C 1s spectrum, we display in Fig. 4 its three separate components. The figure demonstrates first of all, as should be expected, that the C 4 component gives generally the largest contribution to the spectrum because it originates from the Auger decay of two equivalent core holes. By contrast, the C 2 component is the smallest, reflecting the relative electron deficiency of this carbon atom bound to both nitrogens. The emergence of the noted sharp peak at 262.6 eV is now clearly seen to originate from the superposition of two peaks, one ͑more intense͒ in the C 5 spectrum and the other in the C 4 one. These two peaks do not correspond to the same final dicationic states and are accidentally brought on top of each other by the C 1s chemical shifts. Further shifting the C 5 spectrum, as would happen by using the ⌬SCF energies ͑see above͒, would destroy the constructive interplay and make the peak disappear. The C 4 component of the peak arises mainly from the 1 B 2 ionization of both the outermost out-of-plane orbitals at 27.9 eV DIE, with a smaller contribution from a second 1 B 2 state of 5b 2 −1 7a 1 −1 character ͑these two states also appear in the N 1s spectrum, see Table I͒ . The C 5 component is instead mainly due to the 2b 1 −2 state at 27.4 eV. The latter state is also responsible for the small C 2 peak that broadens the overall feature on the high KE side.
The broad feature of the total C 1s spectrum at about 255.5 eV is of quite complicated nature. It is seen from Fig.  4 to arise mainly from a corresponding band of the C 4 spectrum, reinforced on the high KE side by the most intense band in the C 5 spectrum. The C 4 component is the result of a very large number of transitions of comparable intensity because in this energy region, several 2h components involving the inner orbitals from 4a 1 to 1b 1 begin to break down into many satellite lines. The C 5 component also contains many non-negligible contributions but, by contrast, only three states dominate all the others. They are a 1 A 1 ͑2b 1 −1 1b 1 −1 ͒ at 32.1 eV, a 3 B 1 ͑2b 1 −1 5a 1 −1 ͒ at about the same energy, and the corresponding singlet state at 32.9 eV. The first and third of these lines are those sticking out very visibly in the bar spectrum of Fig. 3 at KE 257.8 and 257.0 eV, respectively.
B. 2-chloropyrimidine
The Hartree-Fock ground state valence orbital configuration of the 2-chloropyrimidine is as follows: Compared with pyrimidine, there is one more orbital in each of the a 1 , b 1 , and b 2 symmetries ͑corresponding to the symmetries of the chlorine 3p orbitals͒. In terms of their energies, one of the three extra orbitals ͑a 1 ͒ lies in the innermost valence region, while the other two lie in the region of the 7a 1 orbital of pyrimidine. Therefore, the outermost threeorbital structure is very similar in both molecules, except that chlorine participates non-negligibly in the outermost -type orbital 3b 1 ͑which remains, however, roughly at the same energy as the 2b 1 of pyrimidine͒.
N 1s Auger
The experimental and theoretical N 1s Auger spectra of 2-chloropyrimidine are reported in Fig. 5 . In the region shown, the calculations produce about 10 000 dicationic transitions. The alignment of the theoretical profile to experiment is here somewhat less precise than in pyrimidine due to the broader peaks at low DIE. It has been done by aligning the sharpest high-KE feature at 374.3 eV, which results in an estimated N 1s IE of 404.8 eV, that is 1 eV higher than the corresponding estimate for pyrimidine. To the best of our knowledge there are no experimental values available for this IE, while the ⌬SCF computed value is 405.3 eV. Somewhat higher nitrogen and carbon core hole energies in a halogen-substituted ring than in pyrimidine are to be expected due to the substituent electronegativity. The theoretical reproduction of the Auger profile is again satisfactory, matching quite accurately the energy of several observed features. The profile of the spectrum is extremely similar to the corresponding one of pyrimidine but, in contrast to it, it is here practically impossible to locate the dication ground state in the experiment. The bar spectrum of Fig.  5 shows that the spacing between the electronic states of the dication is again very small even at threshold but the presence of the halogen reduces the relative N −2 character of the lowest-lying states, hence their N 1s Auger intensity. In contrast to pyrimidine, the ADC calculations predict a 3 A 2 ͑69% 3b 1 −1 6b 2 −1 ͒ dicationic ground state at 24.7 eV with the corresponding singlet lying only at 0.1 eV above. A significant localization of Cl −1 N −1 type characterizes these two states. It is precisely the possibility to localize, at least in part, one of the holes on the Cl atom that lowers the energy of these states compared with pyrimidine. The most important double ionization lines contributing the high-KE features of the N 1s Auger spectrum are displayed in Table III .
C 1s Auger
There are no experimental data available on the C 1s IEs in 2-chloropyrimidine. Comparison of the ⌬SCF values with those of pyrimidine ͑see Table II͒ shows that, as should be expected, the core energy of the Cl-bound C 2 increases significantly ͑by 1.6 eV͒ while the other two remain closer to the values in the unsubstituted molecule: the C 4 energy increases by 0.3 eV and that of C 5 ͑the carbon farthest away from chlorine͒ by 0.2 eV. Thus chlorine substitution in the 2-position, since it enhances the IE of the carbon already having the largest one, has the effect of increasing the spread of the C 1s IEs compared to pyrimidine. It is interesting to note already here that in the third molecule we have studied ͑see Sec. IV C 2͒, the effect of halogen substitution in position 5 has the opposite effect of contracting the chemical shift.
In comparison to pyrimidine, it might at first be expected that even if the effect of the presence of the chlorine substituent on each separate C 1s Auger spectrum should be generally rather small ͑as the N 1s spectrum suggests͒, the variation in the relative shift of the individual carbon Auger spectra that we have just discussed has a marked impact on the profile of the total spectrum. We have just seen, however, that in 2-chloropyrimidine, it is the relative shift of the chlorine-bound C 2 spectrum that varies most, while the relative shift between the C 4 and C 5 spectra remains roughly the same as in pyrimidine. Now we have seen in the latter molecule that the C 2 contribution to the global Auger spectrum is in fact quite small, and we expect it to be even smaller when C 2 is bound to chlorine and thus more electron deficient. As a result, it is no surprise that the C 1s Auger spectra of 2-chloropyrimidine and pyrimidine look in fact very similar.
In order to determine the chemical shifts to use in constructing the theoretical C 1s spectrum, the case of pyrimidine indicates that the absolute ⌬SCF chemical shifts may not be a good guidance. We have decided, therefore, to take the experimental chemical shifts of pyrimidine and add to them the changes computed at the ⌬SCF level. This leaves the chemical shift between C 2 and C 4 at its ⌬SCF value of 1.7 eV but reduces the important chemical shift between C 4 and C 5 from 1.6 to 1.0 eV. The absolute shift in the overall spectrum has then been determined as usual by best aligning the computed profile with the experiment. The resulting theoretical spectrum is shown in Fig. 6 below the experimental one. The precise alignment has been made on the relatively narrow peak at 264.0 eV. As can be seen, the overall theoretical profile matches the experiment rather well. In particular, the analysis of the separate C 1s spectra, which we do not show for conciseness, shows that the above mentioned peak at 264.0 eV is the sum of three different small but roughly equal contributions-one for each carbon spectrum-which are brought to coincide in KE by the chemical shifts. The composition of the peak is in fact similar to that of the corresponding highest KE peak in the C 1s spectrum of pyrimidine ͑and indeed it has remained roughly at the same DIE position while moving by 1.4 eV to higher KE͒. The component at lowest DIE, which appears in the C 5 spectrum, is a 1 A 1 at 25.6 eV ͑68% 3b 1 −2 ͒. The second one is a C 4 
28.8 eV in the C 2 spectrum, which is a totally broken down admixture of at least four 2h configurations: 28% 3b 1 −1 2b 1 −1 , 16% 2b 1 −2 , 15% 1a 2 −2 , and 14% 3b 1 −1 1b 1 −1 . The carbon spectrum of 2-chloropyrimidine shows a second feature, which appears to be almost identical to one found in the pyrimidine spectrum, namely, the broad band at roughly 256 eV. It should be remarked, however, that contrary to the first sharp peak, this band is almost superimposable to the pyrimidine one on the KE scale but corresponds to dicationic transitions ͑in part of the same nature͒ lying over 1 eV higher on the DIE scale.
The alignment procedure between the theoretical and experimental spectra that we have just illustrated gives estimates of the absolute C 1s IEs as reported in Table II . As in pyrimidine, we expect these values to underestimate the true ones, but they are perfectly consistent: the energy for the chlorine-bound carbon atom is 1.5 eV higher than the corresponding pyrimidine estimate, while the other two coincide with the pyrimidine values to within 0.1-0.2 eV.
Cl 2p Auger
For the chloropyrimidine we have also measured and computed the Cl 2p Auger spectrum, as shown in Fig. 7 . Here the energy range of the intense part of the spectrum is narrower than for the N 1s and C 1s spectra and we have used a slightly different FWHM interval of 0.5-3.0 eV for the Gaussian envelope of the computed transitions. A significant complication in this spectrum, as well as in the Br 3d spectrum of the bromo-substituted pyrimidine discussed in Sec. IV C 3, is the large spin-orbit splitting of the decaying core-hole level, which for Cl 2p can be expected to be about 1.7 eV ͑see, e.g., Ref. 28͒. The resulting lines 2p 3/2 ͑at lower IE͒ and 2p 1/2 are of course further slightly split in the molecular field, but this we have neglected. To simulate the spin-orbit effect on the Auger spectrum we have simply superimposed two copies of the spectrum shifted by 1.7 eV and with an intensity ratio of 2:1 between the one at lower KE ͑corresponding to the decay of the 2p 3/2 level͒ and the other. An identical procedure was previously successfully used for the S 2p spectrum of OCS. 22 The general agreement between the experimental and theoretical profiles is only qualitatively acceptable and by far not as accurate as for the KLL spectra of the first-row atoms. Because of this, also the correct alignment of the spectra is problematic and we have done it simply so that the theoretical main band is roughly centered below the experimental one. This yields an IE estimate of 206.3 eV for 2p 3/2 ͑and 208 eV for 2p 1/2 ͒, which should however be regarded as having a large error bar. For comparison, the ⌬SCF values that we have computed for the three Cl 2p core energies are in the range of 207.3-207.4 eV, while the literature Cl 2p 3/2 energy in chlorobenzene is 206.1 eV. 29 The main reason for the relatively poor reproduction of the Cl 2p Auger profile is that as inspection of Fig. 7 reveals, the Cl 2p spectrum begins at a higher DIE than the N 1s or C 1s ones, reaching its maximum in the same energy region as the N 1s. As we have already noted, density of satellite states and correlation effects are extremely pronounced here. According to the calculations, four transitions contribute to the chlorine spectrum with a weight roughly double than any other. They are clearly visible in the bar spectrum of Fig. 7 and are reported in Table IV . As can be seen, these are indeed very strongly mixed states with a small total 2h component, whose detailed composition ͑and Auger rate͒ is critically affected by correlation effects. The ADC͑2͒ scheme used here cannot generally be expected to be quantitatively accurate for such satellite or near-satellite states. 9 To compound this deficiency, it may be argued that estimating the Auger decay rate by the rather crude procedure of taking the one-site two-hole population of the ADC eigenvectors is less appropriate for the decay of L-shell vacancies than for the much more localized K-shell holes.
C. 5-bromopyrimidine
The valence Hartree-Fock configuration of 5-bromopyrimidine is identical to that of the 2-chloro compound, except that the 6a 1 
N 1s Auger
The N 1s Auger spectrum, both experimental and theoretical, is reported in Fig. 8 . It is again very similar to that of the previous two molecules and, in the highest KE part above 373 eV, it is very well reproduced by the calculations. However, even more than the 2-chloropyrimidine spectrum, it lacks precisely identifiable sharp features in the region immediately above the DIE threshold. Because of this, and since the computed spectrum is less reliable as the DIE increases ͑see the discussion of the Cl 2p spectrum of 2-chloropyrimidine͒, the alignment of the theoretical profile to the experiment is subject to a somewhat larger uncertainty. The first weak peak at high KE in the theoretical spectrum does however appear to have a counterpart in the measured spectrum at about 378.1 eV. The alignment of these two features, as is done in the figure, yields a N 1s IE estimate of 404.3 eV, which is intermediate between the corresponding pyrimidine and 2-chloropyrimidine figures. For comparison, the computed ⌬SCF value is 405.3 eV. According to the calculations, the aligned peak can essentially be attributed to a single transition to a 1 A 1 dicationic state at 25.9 eV ͑2.1 eV above threshold͒, which has a composition of 33% 6b 2 −1 5b 2 −1 , 21% 5b 2 −2 , and 11% 8a 1 −2 .
C 1s Auger
As mentioned in Sec. IV B 2, the C 1s Auger spectrum of 5-bromopyrimidine is characterized by the fact that the three inequivalent carbon core holes should be closer in energy than in pyrimidine, in contrast to what happens in 2-chloropyrimidine. This is because the increase in IE, which accompanies halogen substitution involves in this case C 5 , which, being far away from the nitrogen, has the smallest core IE in pyrimidine. The ⌬SCF results for the carbon core hole energies confirm this ͑see Table II͒. As we have done for 2-chloropyrimidine, however, we have not taken the ⌬SCF chemical shifts to construct the global C 1s Auger spectrum, but only their variation in going from pyrimidine to 5-bromopyrimidine. This variation has been added to the experimental chemical shifts of pyrimidine. Note that this has the effect of bringing the C 5 IE slightly above that of C 4 ͑rather than half an eV below as in the ⌬SCF picture͒ and thus it reduces the overall spread of C 1s energies to just 0.4 eV. In any case, again because of halogen binding, we should expect the C 5 contribution to the total C 1s Auger spectrum to decrease significantly compared with pyrimidine or 2-chloropyrimidine.
The C 1s Auger spectrum of 5-bromopyrimidine thus obtained is shown in Fig. 9 along with the experimental one. The overall profile is in this case much less satisfactory than in the other molecules and-in itself-would even leave some ambiguity as to the best alignment with the experimental spectrum. Guided by the previous findings and an assessment of the resulting C 1s IEs, we have aligned the first experimentally discernible peak at 262.8 eV with the first prominent peak in the computed spectrum ͑at 29.1 eV DIE͒. This provides a reasonable qualitative match between the energies of the observed and theoretical features, albeit with a large overestimation of the relative intensity in the region around 256 eV. In this way the resulting estimates for the three C 1s energies ͑Table II͒ are essentially in line with expectations, being those of C 2 and C 4 at 0.7 eV higher than their pyrimidine counterparts and that of C 5 at 1.7 eV higher. Although small independent variations in the chemical shifts we have estimated could somewhat improve the computed spectrum, it seems clear that a much larger source of error lies in this case with the ADC͑2͒ inadequacy to describe higher, intensity redistributing, correlation effects, and with the way we estimate Auger intensities.
Br 3d Auger
We finally turn to the Br 3d Auger spectrum of 5-bromopyrimidine reported in Fig. 10 . As for the Cl 2p spectrum of 2-chloropyrimidine, here the Auger decaying core hole level is split by spin-orbit coupling in two multiplet lines about 1 eV apart ͑see, e.g., Ref. 30͒. We have simulated this exactly as described for the Cl 2p spectrum. The inten- sity ratio of the 3d 5/2 spectrum ͑at lower KE͒ to the 3d 3/2 one is 3:2. The FHWM range for the theoretical spectrum is from 0.5 to 1.2 eV.
The discernible portion of the spectrum covers an energy range of less than 15 eV and, at the qualitative level, the calculations reproduce it with some details. The separation between the lowest-DIE region and the main band is clearly overestimated by about 1 eV. Also in this case, as in the Cl 2p spectrum of 2-chloropyrimidine, relatively few states are found to dominate the main band and these, as computed by ADC͑2͒, are shown in Table V . The first line in the table is the one mainly responsible for the clear high-KE shoulder of the main band at 47.6 eV. In comparison to the case of the Cl 2p spectrum, these states lie at a somewhat lower DIE and have a slightly more pronounced 2h character, which probably makes their ADC͑2͒ description somewhat less unreliable and explains the overall better profile of the theoretical spectrum. It is however the case that for such strongly mixed states lying in a high density region, ADC overestimates the DIE relative to the outer valence ones. This explains the unduly large gap observed above. By roughly aligning the main bands in the spectrum, as is done in Fig. 10 , the estimated Br 3d 5/2 IE turns out to be 76 eV. For comparison, the reported figure in bromobenzene is 76.20 eV.
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V. SUMMARY AND CONCLUSIONS
The C 1s and N 1s Auger spectra of pyrimidine, 2-chloropyrimidine, and 5-bromopyrimidine have been measured. In the case of the halogen-substituted systems, also the Cl 2p and Br 3d Auger spectra have been recorded. We have interpreted all the measured Auger spectra with the aid of Green's function calculations of second-order accuracy. The calculations have highlighted the extreme complexity of these spectra with thousands of transitions contributing and permitted, as far as possible, a comprehensive explanation of their main features, their differences, and similarities. In the outer valence region, the necessary quantitative accuracy was achieved by the calculations, while as the double IE and the density of electronic states increase, the level of theory adopted becomes inherently inappropriate. On the other hand, in such regime, the spectral signal rapidly becomes featureless and essentially devoid of information. One particular complication, which the calculations could quite successfully help to unravel, is the presence of superimposed unresolved Auger spectra of near-equivalent atoms, such as the three C 1s spectra in the molecules studied here. In spite of their general complexity and lack of detailed structure, these present a few features that can sensitively depend on the underlying chemical shifts in the core binding energies. 
